Abstract. A three-dimensional reconstruction of the eukaryotic 80S monosome from a frozen-hydrated electron microscopic preparation reveals the native structure of this macromolecular complex. The new structure, at 38 A resolution, shows a marked resemblance to the structure determined for the E. coli 70S ribosome (Frank, J., A. Verschoor, Y. Li, J. Zhu, R.K. Lata, M. Radermacher, P. Penczek, R. Grassucci, R.K. Agrawal, and S. Srivastava. 1996b. In press; Frank, J., J. Zhu, P. Penczek, Y. Li, S. Srivastava, A. Verschoor, M. Radermacher, R. Grassucci, R.K. Lata, and R. Agrawal. 1995. Nature (Lond.). 376:441-444.) limited to a comparable resolution, but with a number of eukaryotic elaborations superimposed. Although considerably greater size and intricacy of the features is seen in the morphology of the large subunit (60S vs 50S), the most striking differences are in the small-subunit morphology (40S vs 30S): the extended beak and crest features of the head, the back lobes, and the feet. However, the structure underlying these extra features appears to be remarkably similar in form to the 30S portion of the 70S structure. The intersubunit space also appears to be strongly conserved, as might be expected from the degree of functional conservation of the ribosome among kingdoms (Eukarya, Eubacteria, and Archaea). The internal organization of the 80S structure appears as an armature or core of high-density material for each subunit, with the two cores linked by a single bridge between the platform region of the 40S subunit and the region below the presumed peptidyltransferase center of the 60S subunit. This may be equated with a close contact of the 18S and 28S rRNAs in the translational domain centered on the upper subunit:subunit interface.
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THOUGH much less well studied than the E. coli 70S ribosome, largely because of its greater complexity and difficulty of preparation, the 80S eukaryotic ribosome shows a great deal of similarity to its eubacterial counterpart. Increases in numbers of components, both ribonucleoprotein (RNP) 1 components and nonribosomal translational factors (for review see Nygard and Nilsson, 1990) , are thought to be the result of the need for greater accuracy of the translational process, and tighter regulation of the steps involved in it, but in general the eukaryotic translational process shows strong homology with the eubacterial one.
The eukaryotic ribosome is a highly intricate macromolecular complex. It is significantly larger than the eubacterial ribosome, with a molecular mass of ~4 million daltons, as compared to 2.8 million daltons. Across the kingdom Eukarya, however, the large (60S) subunit is rather variable Please address all correspondence to A. Verschoor, Wadsworth Center, New York State Department of Health, Empire State Plaza, P.O. Box 509, Albany, NY 12201-0509. Tel.: (518) Fax" (518) 474-8590. e-mail: adri@orkney.ph.albany.edu 1. Abbreviations used in this paper. CTF, contrast transfer function; HAC, hierarchical ascendant classification; PCA, principal components analysis; RNP, ribonucleoprotein. in size. In plants it is 2.45-2.5 million daltons, while in mammals it may reach 3 million daltons (Bielka, t982) . Some of the size variability of the 60S subunit is due to variation in the size of the 28S rRNA, which ranges from 1.2 to 1.7 million daltons (Bielka, 1982) . In contrast, the molecular mass of the small (40S) subunit is fairly constant, ~1.5 milhon daltons.
In the 40S ribosomal subunit, the consensus 18S rRNA has three notable sequence insertions, as compared to the 16S rRNA of the E. coli 30S subunit (e.g., Neefs et al., 1991) . The 40S subunit contains N33 proteins, as compared to 21 in the 30S subunit. The 18S rRNA comprises ~45% of the mass of the subunit. The mammalian 60S subunit contains ~49 proteins (fewer in lower eukaryotes), compared to 34 for the E. coli large subunit. It has three rRNAs, the 5S, 5.8S, and 28S rRNAs, compared to the two (5S and 23S) for the E. coli 50S subunit. The rRNA moiety comprises ~60% of the mass of the 60S subunit. A striking difference between eubacterial and eukaryotic monomeric ribosomes is in the RNA:protein ratio: the eukaryotic 80S ribosome is only ~60% RNA, while the E. coli ribosome is 66% RNA.
One goal of reconstructing the 80S ribosome is to determine the degree of morphological homology of the eukaryotic large and small subunits with the eubacterial ones, as well as the degree to which their associations into the monomeric ribosomes are analogous. The extent of the morphological and spatial homology can then give us new insights into the intricate combination of conserved and variable aspects of the protein synthetic process.
Materials and Methods
Ribosomes were isolated from wheat germ according to Montesano and Glitz (1988) . Cryo-electron microscopy was performed as described previously (Lepault et al., 1983; Dubochet et al., 1988; Wagenknecht et al., 1988 ) using a Philips EM420 equipped with a low-dose kit, Gatan cryostage, and cryo transfer device, at 100 kV and a nominal magnification of 36,000 (actual magnification, 34,766) . Molybdenum grids covered with holey carbon film were used in an effort to enhance any preference of the ribosomes to assume certain orientations. Grids were two-side blotted, and a guillotine device was used to achieve the freezing. Nontilt micrographs were recorded at a defocus of ,-,2.0 ixm and tilt micrographs with a midfield defocus of ~1.5-1.8 I~m. The micrographs were digitized on a PDS1010A mierodensitometer with an aperture of 20 Ixm, resulting in a pixel size of 5.75 A. on the object scale (Perkin Elmer Cetus Corp., Norwalk, CT).
Analysis of the 80S ribosome was by single-particle methods, using the random conical geometric scheme (Radermacher et al., 1987; Frank and Radermacher, 1992) . Briefly, pairs of individual particle projections (0 and 50 °) are windowed from micrograph pairs, using the interactive particle selection program contained in SPIDER (Frank et al., 1981 (Frank et al., , 1996a . The set of nontilt projections, including all of the views of the particle occurring in the micrographs, is aligned using a reference-free alignment scheme (Penczek et al., 1992) , and then subjected to multivariate statistical analysis (MSA), Principal Components Analysis (PCA) or Correspondence Analysis (CA), followed by Hierarchical Ascendant Classification (HAC) (Frank, 1990) . Either a weighted back-projection (e.g., Radermacher, 1988) or an iterative back-projection (Penczek et al., 1992) algorithm is used to calculate the 3D reconstruction. Constraints within the iterative algorithm, notably limitation of the minimum and maximum densities, provide a certain amount of internal noise-suppression, before low-pass filtration. The projection set for the full reconstruction is then split, and half-set reconstructions are calculated to determine the resolution by the 3D differential phase residual (PR45) calculation. The full-set reconstruction is then limited to this resolution by Fermi low-pass filtration. Wiener filtration is applied to cryo structures before the step of low-pass filtration, for correction of the contrast transfer function (see below).
A total of 1,892 pairs of individual particle projections encompassing all views attributable to monomeric ribosomes were windowed from four micrograph pairs. After alignment by a reference-free scheme, the 2D resolution of the total set was assessed to be ~27/~ by phase residual analysis.
Hierarchical classification using 119 factors was performed, using complete linkage as the clustering criterion. 136 classes obtained were analyzed by averaging and visual inspection. Fourteen of the classes (27-175 images each) appearing to represent the same view were chosen for further analysis; these contained a total of 918 particle images. Although we expected to be able to identify substantial-membership subsets relating to the several more or less strongly preferred views that had been recognized in earlier negative stain preparations (Nonomura et al., 1971; Lutsch et al., 1972; , the single view predominated. Yet more unexpectedly, this was not the preferred left-featured frontal view (Nonomura et al., 1971 ) that was analyzed in our previous negative stain study of the 80S ribosome . That highly distinctive view was not recognized in any of the useable HAC classes.
The preferred view found in the cryo-data set represents a significant rotation away from the familiar frontal view (see below). After the 3D reconstruction was obtained, the two orientations were found to be related by an angle of approximately (phi 130 °, theta 130, psi 40); for definition of the Eulerian angles, see Radermacher (1991) .
The 918 tilt projections corresponding to the HAC set of 0 ° projections were centered and labeled by tilt and azimuthal angles, and then submitted to an iterative back-projection algorithm. The tilt angles ranged from 43.0 to 53.5°; the great majority were between 49.9 and 50.2 ° . The alignment of the entire set of 1982 projections was refined using a method in which each projection was correlated to an appropriate projection computed from the reference volume (Radermacher et al., 1987 .
Reconstructions using the aligned projections were computed over the whole set of 1982 and over the HAC set used for the initial reconstruction. Of the various strategies pursued, the best quality reconstruction proved to be that calculated from the refined-aligned HAC set of 918 images; the full-set reconstructions were of markedly poorer quality, due to their inclusion of heterogeneous projection sets. The set of 918 was split, and halfset reconstructions were calculated to give a PR45 of 38.3 A. A Fermi lowpass filter limiting the data to this resolution was applied.
Once a robust reconstruction had been achieved, other methods were investigated in the effort to improve the resolution. A particular effort was made to recognize additional preferred views in the original data set, that could be used for separate reconstructions. This is because refinement by projection matching (Penczek et al., 1994; Radermacher, 1994) , in which the original particle images are correlated individually with projections computed from the reconstruction at all possible angles, does not lead to improved resolution in situations where a significant missing cone cannot be compensated (Penczek, P., personal communication) . Extensive efforts were made to reduce the missing cone. Further HAC analysis led to the identification of five small groups (containing at least 40 images) representing slightly different views. These were analyzed by computation of 3D reconstructions over each set. As had been apparent from visual inspection of their 0 ° averages, however, these represented mere rocking positions of the preferred view; they differed in tilt angle by at most -17 to + 5 °. Nevertheless, the reconstruction was repeated with the addition of 129 projections with recalculated tilt angles of between 50 and 70 ° . Finally, the restoration method of projection onto convex sets (e.g., Sezan, 1992) was applied to the random conical reconstruction to fill in missing angular information.
Methods to compensate for the effects of the microscope's contrast transfer function, such as Wiener filtration, have been under development in our laboratory (Frank and Penczek, 1994) . Correction of the contrast transfer function (CTF) is as yet problematic for a data set of the type used, in which the defocus varies across an entire tilt micrograph. Refinement of the structure from nontilt micrographs recorded at different deloci (Zhu, J., P. Penczek, R. Schr6der, and J. Frank, manuscript in preparation) provides a situation in which correction can be applied more precisely. Thus, correction for this 80S structure was approximate. The range of defocus across the regions of the tilt micrographs from which particles were selected was determined. The median defocus was used as a basis for the design of the Wiener filter. The exact shape of the filter function for this type of tilt data has yet to be optimized.
All calculations were performed on a DEC 3000 model 400 Alpha workstation running under VMS. Reconstruction volumes were analyzed and displayed using WEB, the graphical interface of SPIDER and AVS (Advanced Visual Systems, Waltham, MA). AVS was used to compare the 80S morphology with that of the 70S structure recently computed in our laboratory (Frank et al., 1995a,b) using similar methods. It was also used for visualization of multiple density thresholds. Dual-threshold representations were calculated according to the criterion used by Milligan and Unwin (1986) , to enable direct comparison of our (single particle) cryo reconstruction with their (crystalline) cryo reconstruction. Inside the normal density threshold delineating the envelope of the macromolecule, a higher threshold is set, at 25% of the total volume. This level was estimated to enclose roughly 65% of the rRNA, if the simplifying assumption is made that the rRNA and r-protein comprised distinct moieties.
Results

Morphology of the 80S Ribosome
The 80S ribosome from wheat germ was reconstructed by the random-conical method from 918 images derived from four tilt pairs of micrographs (Fig. 1) . The strongly preferred view used for the reconstruction was identified by MSA/HAC sorting (Fig. 2) . The 80S ribosome reconstruction appears in surface representations ( Fig. 3; Fig. 4 , B and C) as an overall globular-to-ellipsoidal structure, with a clear division into a roughly tabular small subunit and a roughly hemiellipsoidal large subunit, separated at the top but in close contact at their lower halves. Even at our moderate (38 A by PR45) resolution, many features and protrusions are seen on both subunits. The dimensions of the wheat germ ribosome, calculated from the frontal-view orientation are: height 294 A, width 311 A,, and thickness 197/~. The height measurement agrees well with the 296 ,~ determined for the dissociated 40S subunit (Srivastava et al., 1995) .
The 40S S u b u n i t
Both subunits of the 80S structure are characterized by a large number of peripheral protrusions. The 40S subunit has effectively a ridgeline of protruding features: from the blunt beak on the front of the head, to the rather pointed crown of the head, the crest on the back of the head, the upper back lobe of the body, the lower back lobe (which appears in one range of views [ Fig. 3 , row 1, images 3-5] to actually be two protrusions rather than a single one), and finally the pointed, conical back foot. The interior region bounded by this irregular periphery appears shallowly concave and relatively featureless. Although some of these protrusions were recognized in earlier 2D negative-stain studies (e.g., Frank et al., 1982; Kiselev et al., 1982) , their native orientations are in many cases quite different from what was inferred from the negative-stain information. Among the most notable are the trend of the crest and ear, both roughly normal to the trend of the beak, and the marked relief of the front-body lobe (see below).
The 80S structure confirms several recent findings on the morphology of the 40S subunit. In our cryo 3D reconstruction of the dissociated 40S subunit (Srivastava et al., 1995) , we distinguished a pronounced platform structure, Figure 2 . Cluster averages representing sets of projections classified into major groups by MSA and HAC (see Materials and Methods). The tilt counterparts to the sets of projections in these 14 averages, totaling 918 images, were used for the 3D reconstruction.
analogous to the well known platform of the prokaryotic 30S subunit. Morphology-based evolutionary hypotheses in the literature (e.g., Lake et al., 1985) , as well as the appearance of these features in our earlier negative-stain reconstructions of the 40S and 80S structures (Verschoor et al., 1989; Srivastava et al., 1992) , had appeared to suggest that the back lobes represented some type of bifurcated platform. Instead, the cryo studies show us that the back lobes are features essentially independent of the underlying platform structure, which is unexpectedly similar in form to that of the 30S subunit (see below). In our 80S reconstruction, the cup shape of the platform is very distinct.
Another notable finding is the delineation, in cryo preparations, of what we term the frontal lobe, comprising the portion of the small-subunit body that, in the monosome, lies closest to the P-protein stalk of the large subunit (see below). This cylindrical front-body lobe, which appears enrolled like the arm of a fauteuil, shows unexpectedly high relief. Both its top and bottom terminate conically, with the bottom terminal comprising the front foot or basal lobe of the subunit. The "throat" area above this lobe had been in negative stain, variable in appearance due presumably to stain effects, which may have included a contribution from positive staining of exposed 18S rRNA. The new structure shows it as a thin webbing between beak and subunit body.
The 60S S u b u n i t
The 60S large subunit of the 80S structure also reveals an intricate morphology. The consensus large-subunit peripheral features are readily recognizable: the central protuberance (CP), the proximal portion of the P-protein stalk, and a mushroom-shaped arm, that we will term the L1-analogue arm, corresponding to the E. coli L1 arm. Although the Ll-analogue arm pinches off readily with small changes in the density threshold used for visualization, its distal portion is very persistent.
Rather than being a smooth hemi-ellipsoid, the 60S-subunit body is irregular, with numerous protrusions, bumps, Figure 3 . Surface representations (30 ° rotational increment around vertical axis) of refined cryo 80S 3D reconstruction from 918 particle images. Abbreviations: (40S subunit) h, head; c, crest; bl, back lobes; f, feet; r, frontal lobe; t, throat; bk, beak; p, platform; e, ear; (60S subunit) CP, central protuberance; L1, Ll-analogue arm; D, dimple; ST, P-protein stalk. Bar, 250/~. and indentations (unresolved holes?). The P-protein stalk is present as a short and strongly tapering arm, curving forward towards the 40S subunit, across the subunit:subunit interface (Fig. 3 , row 2, images 4--6). Presumably, this arm represents the proximal portions of some of the elongate P proteins, while the distal portions were sufficiently variable in position among the individual ribosomes in the data set that they blurred out in the 3D reconstruction and are not imaged.
The body structure below the stalk, previously (Verschoor and Frank, 1990) termed the stalk-base ridge, is elaborately developed. The back of the 60S subunit shows a number of bumps and indentations; these will be described in greater detail (see below). The apparent shape of the subunit varies rapidly with small changes in rotation angle, from strongly ellipsoidal (Fig. 3 , row 2, images 1-2) to quite globular (Fig. 3 , row 2, images 3-4). This accounts for the paradox that the 60S subunit in the 80S ribosome can resemble the 50S structure in the 70S ribosome so closely in the crown orientation (see below), yet be so markedly elongated in a lateral direction in other comparisons to the 50S structure.
Ideally, we would like to be able to compare an individual structure determined for the dissociated 60S subunit to our 80S structure, as we are able to do for the 40S subunit (Srivastava et al., 1995) . This would cast further light on, in particular, the details of the interface surfaces of the subunits. However, due to the well known intractability of the 60S subunit as a specimen, the only reconstruction so far achieved in our laboratory (Vickers, W., S. Srivastava, A. Verschoor, and P. Penczek, unpublished results) is at too low a resolution to corroborate such information. Future efforts to reconstruct the 60S subunit will undoubtedly be based on projection matching with the 60S portion of our 80S monosome structure.
Internal Organization: Features of the High-Density Core
Finally, we will briefly survey the internal features of the 80S ribosome structure, as revealed by a dual-threshold representation (see Materials and Methods) .
Features visualized at the higher threshold are not definitively identifiable with purely rRNA structures; densely packed ribonucleoprotein or RNP may not be distinguishable from RNA, just as more loosely packed RNP may not be distinguishable from protein. Especially at our moderate resolution, a strict attribution is not defensible. However, the distribution of dense material, which is affected only in detail by variations of the Wiener and Fermi filtrations that were used, leads us to characterize this internal density distribution as representing an internal scaffolding, regardless of its actual composition.
When the two subunits are viewed in the classical frontal view of the 80S ribosome, a two-lobed organization of the high-density material is evident (Fig. 5 A) , corresponding to the cores of the two subunits. In the 60S lobe, two subregions of high density are seen: the massive lowerbody core linked to the 40S core by the bridge feature, and, above a waistlike constriction, a second, upper domain centered on the elongation region, which includes the CP and the entire stalk-base substructure. At high threshold the back of the 60S subunit appears to comprise an arrangement of several crosswise, arching rib structures. A shieldlike area of high density extends from the CP to the stalk-base ridge . In contrast, the 40S small-subunit core is thin and elongate. Even at high thresholds, this core shows extensions into the beak, back lobes, and feet, the typical surface features of the 40S subunit (Fig. 5) . The head remains strongly connected to the body by a thin neck, in a continuous arrangement of the high-density material.
The subunit cores are joined by a well-defined bridge feature (Fig. 5, A and B) , as was seen in an E. coli 70S structure calculated at similar resolution (Frank et al., 1991) . It appears to join the recently characterized "platform" region of the 40S subunit (Srivastava et al., 1995) to the interface canyon (IC) region of the 60S subunit. No trace of the P-protein stalk (the eukaryotic analogue of the L7/L12 stalk) is seen at this threshold (Fig. 5, A and B) , although the stalk-base ridge remains a major feature.
Discussion
Several types of comparisons help to place the new 80S structure in context: comparison to a previous negative stain 80S structure at similar resolution; comparison to a interpretation of deformation of ribosome structure through wrapping (Kellenberger et al., 1982) of the two carbon films of the carbon sandwich. The degree of 'cocooning' by the two 50-A thick carbons (drawing not to scale) has been exaggerated for simplification. The lines drawn can be considered to represent the absorptive surfaces of the two carbon films. The primary carbon (Verschoor et al., 1986) is the carbon to which the particle originally adsorbed; the secondary carbon is the sandwiching carbon applied to the opposite side of the particle-stain preparation. lower-resolution cryo 80S structure from 2D crystals; and comparison to a cryo structure for the 70S E. coli ribosome. The former two comparisons will consider what new information our 80S structure reveals about the eukaryotie ribosome; the latter comparison will shed light on the extent of interkingdom homology and conservation of ribosome structure. Finally, we will suggest a structural basis for some of the morphological features of the new 80S structure, in particular, for the small ribosomal subunit. Our findings support the validity of hypotheses concerning the morphological similarity of eubacterial and eukaryotic ribosomes.
Comparison to Negatively Stained 80S Ribosome Reconstruction
The reconstructed 80S ribosome from wheat germ shows obvious resemblance (Fig. 4) to the earlier negative stain structure for the 80S ribosome from rabbit reticulocytes , although several limitations to a direct comparison exist. These include effects of negative stain; source of ribosomes; and difference in the direction of missing information (see legend, Fig. 4 C and Materials and Methods).
The much more globular form of the cryo structure supports our earlier (Verschoor, 1989) inference that the negative stain structure may have suffered collapse on the order of 20% in a direction perpendicular to the plane of the carbon support (Fig. 4, A and C) . As noted earlier, the 60S subunit from a mammalian source may actually be 20% larger than that from a higher plant. Because of the deformations in our negatively stained mammalian structure, however, we would not speculate where in the subunit this increase in molecular mass is reflected, relative to the cryo plant structure.
Perhaps the largest discrepancy between the negative stain and cryo structures is in the apparent amount of intersubunit separation, and the openness of the translational domain on the 60S stalk 40S beak side of the ribosome, in the negative stain structure (Fig. 4, A and B) . Inundation of the thin neck region of the 40S subunit, as well as evident stain accumulation in the IC region of the 60S subunit, may explain this discrepancy.
Aside from these reservations, however, good agreement of the two structures is seen in terms of the features of the two subunits. We consider both structures in the classical frontal rotation. Although this was not the preferred orientation in the cryo preparation (see Materials and Methods), it lends itself well to description, as a view in which both subunits are also recognized in classical views: the 40S subunit in lateral view, and the 60S in kidney view.
The 60S subunit in both structures shows similarity of the CP, the proximal portion of the stalk, the stalk-base ridge, and the overall kidney form. The 40S subunit shows good agreement of the back lobes and feet of its body, and the crest feature. The orientation of the crest on the "back" of the 40S head agrees in the negative stain and cryo structures; it juts out in a direction orthogonal to the trend of the beak. The distinctive beak feature was poorly resolved in the negatively stained structure, whereas the cryo structure shows the beak as a Fig. 6 A) at normal threshold. The channel passes under a smalldiameter upper rib or arch feature (A). Other abbreviations: h, 40S subunit head; e, 40S subunit ear.
well-expressed feature trending parallel to the plane of the subunit:subunit interface, and pointing past the P-protein stalk. In the negatively stained structure a thin bridge appeared to connect the two subunit heads. The cryo structure shows a similarly oriented feature that may or may not correlate with this bridge. The cryo 40S-subunit head has a marked "ear," extending towards the 60S subunit, and roughly coplanar with the crest feature on the opposite, cytoplasmic side of the head.
Comparison to Cryo Reconstruction from Crystals; Features of the Exit Domain
The other comparison that is warranted is with the 80S structure of Milligan and Unwin (1986) , computed at lower resolution from chick oocyte ribosome crystals. To facilitate the comparison, a high-density threshold was set for our structure in analogy with that used in the representation of their 3D volume by MiUigan and Unwin (1986) , at 25% of the volume--a level which they estimated would comprise 65% of the rRNA, if the RNP components were completely partitioned.
The high-density distribution in the crystalline reconstruction appeared in one orientation as a toroid pierced by a small off-center hole, and in the opposite (181T-rotated) orientation as a bilobed form. One lobe appeared globular and the other smaller and elongate, and they were joined or continuous at one end. The hole was inferred to be an exit tunnel. (We note, however, that at the 55-A resolution of the crystalline structure, it would not be expected to resolve a 20-/~ diameter tunnel [see Frank et al., 1996b; Stark et al., 1995 for discussions of this point].) In contrast, in the bilobed organization of our structure, the lobes represent the cores of the two subunits, linked in the middle--rather than at one end--by the intersubunit bridge ( Fig. 5; cf. Fig. 6 C) . The open space between the two lobes is simply the intersubunit space. Putative exit features (see below) are oriented roughly perpendicular to the trend of the plane of the subunit:subunit interface. These observations, combined with the results of an earlier 2D analysis of cryo images of tetramers derived from crystalline ribosome sheets , suggest that a change in the assignments made for the subunit positions in the crystalline model would result in a reasonable agreement. Does our structure contain features suggestive of an exit tunnel? A two-threshold representation in which the two subunits are seen from the top, with the 40S head and 60S CP towards the viewer (Fig. 5 B) shows an apparent conduit through the high-density material comprising the 60S-subunit core. This conduit or channel extends from the 5 ). (A-E) The 80S structure, to the right in each panel, is depicted in red, with its highthreshold core above in orange. The 70S structure, to the left in each panel, of Frank et al. (1995a,b) , lowpass filtered to comparable resolution, is in green, with its core above in olive. Abbreviations: (small subunit) p, platform; bl, back lobes, b, base; f, feet; fl, frontal lobe; t, throat; e, ear; (large subunit) D, dimple; A, upper back arch or rib; S, spike. (A) View of the backs of the large subunits, showing the markedly ellipsoidal skiff shape of 60S subunit (Nonomura et al., 1971) vs the globular 50S form. This view suggests that the increase in number of proteins in the 60S structure relative to the 50S structure could result in the lateral broadening of the subunit. View with small subunits towards viewer, overlapping the large subunits behind. The normal envelope of the structure is depicted as a net, and the high-density core as the solid structure within. In the basal regions of both the 40S and 60S subunits, regions empty of high density material can be seen; these are not seen in the two eubacterial subunits.
presumptive peptidyltransferase (PTC) region to the back of the subunit, under a rib or arch of high density material. (In analogy to the E. coli structure, the PTC is considered to be sited on the upper interface aspect of the 60S subunit, below the CP; e.g., St6ffier et al., 1980 .) The locations of the two ends of this channel feature agree closely with the two clusters of antibody-binding sites---one at the PTC, and one at mid-back---denoting the location of the NH2-terminal of the nascent chain on the 70S ribosome, as determined by Ryabova and coworkers (1988) .
At normal threshold, there is a deep dimple in the middle of the back of the 60S subunit in our 80S structure (see below). Its placement coincides with the end of the lowdensity channel feature, and appears to represent its site of emergence on the surface of the 60S subunit. This lowerdensity channel feature may thus represent a tunnel, not fully resolved at our current resolution.
Comparison to COo E. coli Reconstruction
The existence of structures for the eubacterial and eukaryotic ribosomes obtained by similar methods means that it is for the first time possible to compare the structures of taxonomically divergent ribosomes, and to begin to assess the extent of structural homology or conservation. The new 80S structure was compared to a recent E. coli 70S structure (Frank et al., 1995 (Frank et al., , 1996b , filtered to a comparable resolution (Fig. 6) .
The broad functional domains defined for the E. coil ribosome (e.g., St6ffler et al., 1980; Bernabeau and Lake, 1982) can be recognized through their encompassing of certain morphological features. Much of the delineation of such domains resulted from site mapping experiments, which to a large extent have not been carried out for the eukaryotic ribosome. Two notable exceptions are the mapping of the exit site for both eubacterial and eukaryotic ribosomes by Bernabeau and coworkers (1983) , and the mapping of the site of the P-site anticodon-codon interaction (Oakes et al., 1987; cf. Ciesiolka et al., 1985) . Because of the considerable functional conservation of the ribosome, we expect to be able to demarcate similar functional domains on the eukaryotic ribosome as have been described for the eubacterial system. These domains should be spatially delineated by analogous structures, serving largely analogous functions. Where the two ribosomes diverge functionally, e.g., where the eukaryotic ribosome is known to have additional functions (such as the many mechanisms to enhance translational fidelity), the structural basis is not established well enough that we can seek associated featural differences. Here we will confine our attention to a few of the homologous features delineating the translational, elongation, and exit domains or regions, respectively, centered on the intersubunit gap, the (large-subunit) stalk-(small-subunit) front lobe region of the interface, and the mid-to lower back of the large subunit.
The eukaryotic ribosome from a higher plant, wheat, is strongly ellipsoidal, unlike the eubacterial ribosome. Views in which the backs of the large subunits of the two ribosomes are toward the viewer (Fig. 6 A) show the significant increase in width of the large subunit: the 60S subunit appears as if stretched, with the same topographic features present, but separated by greater lateral distances. The maximal "stretching" effect and ellipticity of the 60S subunit relative to the 50S subunit is seen with further rotation (Fig. 6 B) . However, even at angles (e.g., Fig. 6 A) where the shape of the 60S subunit diverges dramatically from the globular 50S subunit, we can still recognize that the corresponding morphological features of both subunits remain in register.
For the large subunits the three characteristic protuberances are the CP, the P-protein (or L7/L12) stalk, and the Ll-analogue (or L1) stalk. The CPs are similar in the 70S and 80S structures, although in the 70S structure the feature is directed more toward the head of the small subunit (Fig. 6 C) . The stalk of the 70S subunit is resolved as a slightly more extended feature, with a somewhat pincer-like morphology, and it persists as a feature at high threshold (Fig.  6 E) . In the 80S structure, the stalk tapers to a simple point, and shows no persistence at high threshold (i.e., it lacks a dense core), consistent with the fact that the stalk is composed solely of r-proteins.
The appearance of the L1 or Ll-analogue arm agrees closely in the eubacterial and eukaryotic structures. Although in previous negative-stain data for both the 50S subunit and 70S ribosome the L1 arm appeared as a long thin, labile feature, this arm in cryo preparations is visualized as a detached bleb. In both the eubacterial and eukaryotic cryo structures, at an envelope threshold that depicts the rest of the ribosome structure well, the L1 or Ll-analogue arm pinches off, leaving a floating balloon-shaped feature that represents its tip.
At high threshold, there is a notable absence of dense material in the back of the 60S subunit, on its stalk-wards side (Figs. 5 A, 6, E-F): a large, horizontally trending notch in the back of the 60S subunit core causes it to have a strongly waisted appearance, between the upper shieldlike area and the lower rib. The whole region below and behind the massive stalk-base ridge is empty, except for a single, thin, downwardly pointing dense spike (Fig. 6 E) . Such "empty" regions are not obvious in the 70S ribosome in an analogous view (Fig. 6, E and F) . One other notable difference is in the presence in the middle of the 60S-subunit back, above the basal notch, of a large, centrally placed dimple, representing the surface expression of a linear feature of lower density (see above) extending through the 60S subunit. This dimple is less marked in the 50S structure, although at the high threshold one of several holes is similarly sited (Fig. 6, A and B) . Another recent E. coli ribosome reconstruction (Stark et al., 1995) also shows a low-density pathway from PTC to mid-back, under an upper rib or arch not unlike that in our 80S structure. Due to the lack of CTF correction of this latter structure, however, we must interpret the resemblance with caution.
Although the 60S subunit viewed directly from the back appears much wider than the 50S subunit of the 70S structure, the two large subunits appear virtually identical when viewed from the side, in the classic kidney orientation (Fig. 6 C) . Both show a rather flat interface profile, joined to the small subunit in the middle of the ribosome by a massive bridge structure. In the 80S structure, there is an additional joining of the two subunits at the base, most likely due to the incomplete angular information.
For comparison of the smaU-subunit morphologies, the view in Fig. 6 C is also particularly interesting. The platform is towards the viewer, and the divergences of the two structures are most clearly seen. In the 70S structure the lip of the platform rises higher and curls more strongly (see also Fig. 6, D and F) . In the 80S structure the superimposition of the two back lobes on the platform results in a markedly different appearance. One back lobe is set high, so that it seems to comprise part of the rim of the cupping platform. The lower lobe forms a marked bulge below it, about midway down the subunit body. The differences seen initially in the platform region in the 70S and 80S structures partially disguise the fact that homologous platform structures do exist in the two. In the eukaryote the two back lobes merely superimpose on it, rather than substituting for it.
The back foot of the 40S subunit has no counterpart in the eubacteria130S structure. In an orientation in which the platform faces the viewer (Fig. 6 D) , the back foot of the 40S subunit appears as a narrow linear feature below the two back lobes. In the 30S subunit, the structure tucks in below the platform, and the subunit base is roughly cylindrical. If the structures are rotated around a vertical axis by 90 ° (Fig. 6 E; see also Fig. 6 F) , the differences in the subunit bases are seen maximally. This classic lateral view of the 40S subunit in the 80S structure shows all of the peripheral eukaryotic elaborations: the crest and beak of the head, and the back lobes and feet of the body. Although the 30S-subunit in the 70S structure shows at least vestigial expressions of several of these features, such as a strongly twisted, stubby beak (cf. Stark et al., 1995 for knobbed morphology of 30S-subunit beak2), and a small bulge approximating the lower back lobe, the eukaryotic back foot has no counterpart whatsoever. The lack of homology in this particular region is borne out when the structures are examined at high density threshold (see below).
In summary, it is clear that although certain features show characteristic differences, overall, the eubacterial and eukaryotic ribosomes have much in common.
Tentative Identification of Several Regions of the 18S rRNA
The cores of the subunits, in both the eubacterial and eukaryotic ribosome structures, are composed of relatively high density material. As discussed above, we are not able to strictly attribute to these dense cores, or internal scaffolds, a purely rRNA composition. However, if for heuristic purposes, we do equate this scaffolding with the deduced organization of the rRNA within the ribosomal subunits, then several interesting points emerge that are consistent with the burgeoning recent models of rRNA tertiary structure and with findings on the quaternary organization of the rRNA and r-proteins. Here we will consider mainly the small subunit with its single rRNA. There is considerable confidence in the validity of the secondary structure models of the 16S and 16S-like (e.g., 18S) rRNAs, derived from extensive phylogenetic comparisons (Konings and Gutell, 1995) . Although a well-anchored tertiary structure model for the 18S rRNA lies in the distant future, a certain amount of speculation may be permissible.
When the 3D reconstruction is viewed so that a lateral view of the 40S subunit is seen (Fig. 6, E and F) , the characteristic eukaryotic profile of the subunit is most exaggerated. At the high threshold the beak forms a long curved hook, and the "feet" of the normal-threshold 40S form are echoed by a two-footed appearance of the core. The feet of the dense core are concentrated towards the front of the subunit base, leaving the whole region from lower back lobe to back foot strikingly empty. The most notable feature is the extreme angulation of the upper-body core (Fig.  6 E) , imparting a major bend or kink in what initially appears as the rather linear form of the 40S subunit, and echoing the morphological importance of the platform feature in the 40S subunit. The subunit neck contains a core of dense material, probably identifiable with an extended region of the 18S rRNA, joining the head and body of the subunit.
It is instructive to examine the patterns of dense material seen in light of the speculations on eukaryotic differences from the eubacterial structure. Lake and coworkers (1982) were interested in determining whether the noneubacterial "additions" including the so-called archaebacterial bill, or beak, and the so-called eukaryotic lobes, or feet--were composed principally of rRNA or r-protein. Lake and coworkers (1982) inferred that the feet could contain up to 300 nucleotides of rRNA, which could correspond to one or more of the eukaryotic sequence inserts. In contrast, the beak, from the fact that immunoelectron microscopy showed several proteins to map to this feature, was concluded by Lake and coworkers (1982) to be likely composed primarily of protein.
Relative to the 16S RNA of the 30S subunit, the 18S RNA of the 40S subunit has several insertions in the primary sequence, which map to widely separated regions in the secondary structure (e.g., Neefs et al., 1991; Gutell, 1994) . The size of the 18S rRNA from higher plants is very similar to that for yeast, close to 1,800 nt, compared to 1,542 nt for E. coli. Thus, the 18S tertiary structure must accomodate ~260 nt more than the 16S structure. Is there any correspondence between the expected tertiary-structure locations for these insertions and any of the high-threshold internal features that we see in our structure for the 40S subunit but not in the 30S subunit structure?
In two of the main regions of difference between the 16S and 18S rRNA secondary structures (Neefs et al., 1991; GuteU, 1994) , the 18S sequence shows insertions in the vicinity of helices 10 and 21 (consonant with the 16S rRNA numbering scheme of Brimacombe, 1992) . Thus, we would predict that the most likely regions to identify visible local enlargements of the rRNA in the 40S subunit relative to the 30S subunit would be in the regions where helices E21 and El0 are mapped. Can we predict these regions by extrapolating from the tertiary structure models of the E.
coli 16S rRNA?
The tertiary structure model of the 16S rRNA (e.g., Brimacombe, 1992), when "cross-referenced" with the secondary structure model for the 18S rRNA from a higher plant (Gutell, 1994) , indeed shows placements for the eukaryote-specific helices that appear consistent with the distribution of higher-density material in our 40S-subunit structure. The model places helices 10 and 21 in the base of the 30S subunit. Thus, if we assume an analogous mapping of these conserved helices in the 18S rRNA to the base of the 40S subunit, the eukaryotic inserts El0 and E21 should map to adjacent regions. The large E21 insertion could form the strikingly rodlike core of the back foot of the 40S subunit. The El0 insert could contribute to the increase in size of the front foot, the main core of the small-subunit base (Fig. 6, E and F) .
One other region contains high density material that may possibly be equated to a specific portion of the 18S rRNA, namely, the intersubunit bridge. Base pairing has been postulated to occur (e.g., Azad, 1979) between two regions near the 3' ends of the 18S rRNA of the 40S subunit and the 5S rRNA of the 60S subunit. In vitro hybridization takes place readily, and the complex is unusually stable. An analogous phenomenon occurs with the E. coli 16S and 5S rRNAs, which show similar sequence complementarity in a strongly conserved region. Reversible conformational changes in the two subunits, causing these regions of their rRNAs to become single stranded as well as surface accessible, and thus able to interact with one another, might be responsible for mediation of subunit association and dissociation. Since, by analogy with the 30S subunit morphology, the 3' end of the 18S rRNA would be exposed on the interface side of the subunit in the region of the platform, the complementary sequence of the 5S rRNA might be expected to map to the interface aspect of the 60S subunit "across from" this location. Since the intersubunit bridge, with its high-density core, links the two subunits between the interface aspect of the 40S subunit's platform and the lower margin of the 60S subunit's IC (Fig. 5, A and B) , the identification of the posited intersubunit rRNA interaction with this striking morphological feature appears plausible.
